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Abstract 
This paper attempts to investigate the dynamic characteristics of a powder lubricated journal bearing. The stiffness and damping 
coefficients are obtained using finite perturbation method. The stability limit of the rotor speed is obtained for a system consisting 
of a single rotor disc in the middle of a flexible shaft having identical plain cylindrical journal bearings at the ends. The threshold 
speed of instability for a rotor supported on powder lubricated journal bearing is compared with that of oil lubricated journal 
bearing. The numerical results show that a rotor supported on powder lubricated journal bearings remains stable for a speed limit 
much higher than that for oil lubricated bearings. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Bearings lubricated with conventional oils are unable to support load at high temperatures due to molecular 
breakdown caused by oxidation of oil [1]. Therefore it is a topic of interest for various researchers to explore the 
suitability of powders as alternate lubricants for hostile environments where liquid lubricants cannot perform [2–4]. 
Heshmat [5] was the first to demonstrate that powder lubricants can exhibit hydrodynamic behaviour similar to oil 
lubricants. It was verified experimentally that the pressure profile obtained with TiO2 powders in a slider bearing 
was remarkably similar to that of an oil lubricant. Heshmat termed this behaviour of the powder lubricant as quasi-
hydrodynamic. Heshmat [6] conducted a series of experiments to develop a Powder-Lubricated Quasi-
Hydrodynamic (PLQH) journal bearing for high-temperature and hostile environments where the use of liquid 
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lubricants is impractical. It was successfully demonstrated that the bearing was capable to operate at speeds up to 
58,000 rpm. Heshmat and Brewe [7,8] performed experiments on a three pad journal bearing using Molybdenum 
disulphide (MoS2) and Tungsten disulphide (WS2) powders respectively. Thermal stability was achieved up to 
400°C and 600°C for MoS2 and WS2 powders respectively. A comparative evaluation of MoS2 and WS2 powders in 
three pad journal bearings is presented by Higgs et al. [9]. Kaur and Heshmat [10] developed a self-contained 
solid/powder lubricated auxiliary hydrodynamic bearing, capable of supporting significant rotor loads of 445N, 
operating at 815°C and 30,000 rpm.   
The theoretical modelling of powder flow in the interface is complicated because both physicochemical and 
mechanical conditions greatly influence powder flow behaviour [11]. Iordanoff et al. [11] described several 
approaches to model solid third bodies (substances in the interface that are not integral with either surface). 
Generally, the modelling techniques fall into two categories; (a) discrete model and (b) continuum model. The 
continuum model is computationally efficient and exhibits good agreement with experimental results. Using 
continuum approach Haff [12] developed a grain theory considering individual grain as a molecule of granular fluid. 
Simple ‘microscopic’ kinetic model was used to derive the expression for ‘coefficients’ of viscosity, thermal 
diffusivity and energy absorption due to collisions. Haff obtained a closed-form solution for the velocity and 
pressure distribution in Couette flow. Using Haff’s theory Dai et al. [13] and McKeague and Khonsari [14] 
developed an analytical model for one dimensional slider bearing. Tsai and Jeng [15] derived a closed-form average 
lubrication equation for thin film grain flow with the effects of surface roughness. In another work [16], the authors 
studied the effect of particle size and inelasticity during grain-grain collision on the performance parameters. Their 
results were consistent with the experimental findings of Heshmat and Brewe [7,8]. 
In the last two decades, there is a significant progress in the study of powder lubricated journal bearings. Several 
experimental and numerical investigations are carried out to study the behaviour of powder lubricants. However, the 
dynamic characteristics still need to be explored. In the present work, an attempt is made to obtain the bearing 
coefficients and study the stability characteristics of a flexible and a rigid rotor supported on powder lubricated 
journal bearings. Numerical results for bearing coefficients, eigenvalues, and response of the rotor in time domain 
are obtained for a rotor-bearing system.  The results obtained for the rotor-bearing system in which both the 
supporting bearings are lubricated with powders are compared with those obtained with a system having oil 
lubricated bearings. 
2. Mathematical model 
Haff [12] derived governing equations for grain flow using conservation of mass, momentum, and energy by 
considering grain flow as a fluid mechanics problem with continuum perspective. The theory assumes that grain 
particles are identical spheres and the average separation (s) is much lesser than the grain diameter (d) which implies 
that the bulk density (ρ) is nearly constant throughout the flow domain. In addition to the bulk velocity, each grain 
particle moves randomly in its cell with an average fluctuation velocity ( v ) which is also known as thermal velocity 
or granular pseudo-temperature. During collision between two grain particles, momentum is exchanged and energy 
is lost due to inelastic collision. Using microscopic kinetic model, expressions for pressure (p), viscosity (K ), 
thermal diffusivity (K), and energy dissipation (I) are obtained as: 
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where, t, q, k, and w are dimensionless coefficients.  
The schematic of a journal bearing is shown in Fig. 1. The expression for film thickness (h) is given by, 
 0 0cos sinrh C x yT T      (2) 
where Cr is the radial clearance and (x0, y0) is the position of the center of the journal. 
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Fig. 1. Schematic of a journal bearing Fig. 2. Schematic of a flexible rotor 
Considering the order of magnitude analysis, Dai et al. [13] obtained governing equations which are written as: 
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The expression for thermal velocity ( v ) is obtained by solving eq. (6) with the boundary conditions   00yv Bc  
and ( )y h hv Bc  , which is written as: 
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where  1 w kdO  . The grain flow viscosity is treated as the average viscosity across the film [16] and is 
expressed as: 
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It can be noted that the grain flow viscosity is a function of pressure and grain diameter. The average thermal 
velocity is obtained from eq. (7) as,  
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where  0 2hB B B  , 1 h hR e eO O  , and 2 h hR e eO O  . Integrating eqs. (3), and (5) twice with respect to y’, 
the expressions for flow velocities in x’, and z’ directions respectively are obtained. Applying conservation of mass 
to a control volume of the grain flow system, the Reynolds type lubrication equation for grain flow and is obtained 
as: 
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where 2avv h d\  . Film force acting on the journal is resolved in vertical (x) and horizontal (y) directions as below: 
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The lubricating film is modelled to have both direct and cross coupled stiffness and damping coefficients. 
Stiffness and damping coefficients are computed using the finite perturbation approach [17]. For the displacement 
and velocity perturbations  , , ,x y x y' ' ' ' from equilibrium, normalized stiffness (K) and damping coefficients (C) 
are given by: 
  > @  0 0 0 0( , ,0,0) ( , ,0,0) 2xx r x xK C W x x y F xF x y x '  ' '   (13) 
  > @  0 0 0 0( , , ,0) ( , , ,0) 2xx r x xC C W x y x F x y x xFZ '  ' '   (14) 
where W is the total load on the bearing. Other coefficients may be obtained in a similar way.  
For a flexible rotor of shaft stiffness (ks) and disc mass (M) as shown in Fig. 2, the equation of motion for free 
vibration can be written as, 
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Assuming a solution of the form, ti ix X e
O  where 0 0, , ,ix x y x y , and 0 0, , ,iX X Y X Y . Substituting xi in eq. 
(15), following set of equations are obtained, 
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Eq. (16) can be written as, 
 > @^ ` ^ `0C X     (17) 
For a non-trivial solution, the determinant of the matrix [C] must be equal to zero. Setting 0C   gives a 
polynomial equation in ‘λ’ known as characteristic equation. The roots of the characteristic equations are the 
eigenvalues of the system. These eigenvalues are generally complex whose real part indicates the stability of the 
system. If the real part of the eigenvalue is negative, the system will be stable because the response (xi) will be an 
exponentially decaying function of time. The threshold of instability will occur when the real part of eigenvalue 
becomes zero. 
3. Computational procedure 
Eq. (10) is discretized using finite difference method and Gauss-Seidel method is used to obtain pressure 
iteratively. The convergence criteria for pressure is given by,  
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where i, j are the grid points in T  and z directions respectively, m, n are the associated number of nodes, and k is 
the iteration number. Bearing forces (Fx and Fy) are then evaluated by integrating the pressure over the surface of the 
bearing using Simpson’s 1/3 rule. First, bearing forces are obtained for steady state equilibrium position of the 
journal center. Then, bearing forces are obtained for perturbed position of journal center from the equilibrium. 
Perturbation amplitudes of 0.001Cr and 0.001ωCr are chosen for position and velocity perturbations respectively. 
Stiffness and damping coefficients are calculated using eqs. (13)-(14). Once the stiffness and damping coefficients 
are calculated, the eigenvalues of the system shown in Fig. 2 are obtained using eq. (16). To obtain the response of 
the rotor in time domain the equations of motion given in eq. (15) are solved numerically using 4th order Runge-
Kutta method. 
All the results are obtained for a finite width journal bearing whose width to diameter ratio is unity (L/D=1). To 
compare the performances of a bearing lubricated by powder and oil the following data are assumed as given in 
Table-1.  
4. Results and discussion 
The variation of stiffness and damping coefficients with Sommerfeld number (S) is shown in Fig. 3. Sommerfeld 
number is defined as   2s rS N LD W R CK . It may be noted that for powder lubricated bearing the cross stiffness 
(Kxy and Kyx) gets negatively coupled at a higher value of S as in comparison with oil lubricated bearings. A higher 
value of S implies a higher speed of rotation for a fixed load and bearing geometry. Thus, a powder lubricated 
bearing will remains stable for a speed limit much higher than that of oil lubricated bearings. The values of direct 
stiffness (Kxx and Kyy) and all the damping coefficients of a powder lubricated bearing are higher in comparison with 
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oil lubricated bearing and this implies that, given a perturbation about equilibrium a rotor supported on powder 
lubricated bearings will regain its equilibrium position more quickly than the situation when it is supported on oil 
lubricated bearings. 
Table 1. Input data 
Parameter For powder lubrication For oil Lubrication 
Bearing diameter (D), m 0.04 0.04 
Bearing length (L), m 0.04 0.04 
Radial clearance (Cr), m 0.1 x10-3 0.1 x10-3 
Reference viscosity ( 0K ), Pa.s 0.067 0.067 
Disc mass (M), kg 51 51 
Shaft stiffness (Ks) 4.13x107 4.13x107 
Grain diameter (d), m 10-6 - 
t/a 1 - 
w/k 0.0004 - 
B/U 4 - 
 
a 
 
b 
 
c 
 
d 
 
Fig. 3. Variation of stiffness and damping coefficients with Sommerfeld number 
A plot of maximum real part of all the eigenvalue versus rotor speed is shown in Fig. 4 for rigid as well as 
flexible rotors. It may be seen that the maximum real part goes from negative to positive with increase in rotor 
speed. The point where it crosses the horizontal axis is the threshold speed of instability. It may be seen that the 
threshold speeds for a flexible and a rigid rotor supported on oil lubricated bearing are 6939 rpm and 7585 rpm 
respectively, whereas the same for powder lubricated bearings are 23434 rpm and 25313 rpm respectively. The 
threshold speed for rotor supported on powder lubricated bearings is more than three times of that when the bearings 
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are oil lubricated. Also, the threshold speed is more for rigid rotor than that of a flexible rotor as observed by Rao 
[18]. 
The response obtained by moving the journal center to the bearing center and then releasing it reflect the stability 
of the system known as position perturbation [19]. For position perturbation, the time response and the trajectory of 
the journal center for a flexible shaft supported on powder lubricated bearings are shown in Fig. 5. Two cases are 
shown; (a) a stable system at 20000 rpm, and (b) an unstable system at 27000 rpm. For a stable system the amplitude 
of displacement decreases with time and the journal goes back to its steady state position. For an unstable system the 
amplitude of displacement increases with time and the journal goes far and far away from the equilibrium position. 
 
Fig. 4. Plot of maximum value of the real part of the eigenvalues against speed of rotor 
a 
 
b 
 
c 
 
d 
 
 Fig. 5. Time response and orbit plots of a stable and unstable system 
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5. Conclusions 
A powder lubricated journal bearing is investigated for the evaluation of its dynamic characteristics. Stiffness and 
damping coefficients are obtained and stability limits of spin speed of a rigid as well as flexible rotor consisting of a 
central disc are investigated and compared with the case when the bearings are oil lubricated. Based on the present 
investigations for a powder lubricated journal bearing 
1. The cross stiffness (Kxy and Kyx) get negatively coupled at speed higher as compared with the case of oil 
lubricated bearing. 
2. The values of direct stiffness and all the damping coefficients are higher as compared with the case of oil 
lubricated bearing. 
3. The threshold speed of instability of the rotor is higher as compared with the case when the bearing is oil 
lubricated. 
The present work is limited to the study of simple rotor bearing system. Future scope includes the studies on 
more complex rotor bearing system.  
Acknowledgement 
The authors of this paper are grateful to the management of Indian Institute of Technology Delhi, India, for 
providing the infrastructure facilities to carry out the research. 
References  
[1] G. Stachowiak, A.W. Batchelor, Engineering Tribology, Butterworth-Heinemann (2013). 
[2] E.Y.A. Wornyoh, V.K. Jasti, C.F. Higgs III, A review of dry particulate lubrication: powder and granular, Journal of Tribology 129 (2007) 
438–449.  
[3] F. Rahmani, J.K. Dutt, R.K. Pandey, Performance investigations of powder lubricated circular / elliptic bore journal bearings and stability 
analysis of rigid rotors mounted on such bearings, 41st Leeds-Lyon Symposium on Tribology, Leeds, UK (2014) 
[4] F. Rahmani, J.K. Dutt, R.K. Pandey, Powder and granular lubrication of journal and thrust bearings: A review, Indian Journal of Tribology 
7 (2015) 39 – 43. 
[5] H. Heshmat, The quasi-hydrodynamic mechanism of powder lubrication - part II: lubricant film pressure profile, Lubrication Engineering 
48 (1992) 373–383. 
[6] H. Heshmat, On the theory of quasi-hydrodynamic lubrication with dry powder: application to development of high-speed journal bearings 
for hostile environments, Dissipative Processes in Tribology (1994) 45–64. 
[7] H. Heshmat, D. Brewe, Performance of powder-lubricated journal bearings with MoS2 powder: experimental study of thermal phenomena, 
Journal of Tribology 117 (1995) 506–512. 
[8] H. Heshmat, D.E. Brewe, Performance of a powder lubricated journal bearing with WS2 powder : experimental study, Journal of Tribology 
118 (1996) 484–491. 
[9] C.F. Higgs III, C.A. Heshmat, H. Heshmat, Comparative evaluation of MoS2 and WS2 as powder lubricants in high speed, multi-pad journal 
bearings, Journal of Tribology 121 (1999) 625–30. 
[10] R.G. Kaur, H. Heshmat, 100mm diameter self-contained solid/powder lubricated auxiliary bearing operated at 30,000 rpm, Tribology 
Transactions 45 (2002) 76–84. 
[11] I. Iordanoff, Y. Berthier, S. Descartes, H. Heshmat, A review of recent approaches for modeling solid third bodies, Journal of Tribology 124 
(2002) 725–735. 
[12] P.K. Haff, Grain flow as a fluid-mechanical phenomenon, Journal of Fluid Mechanics 134 (1983) 401–430. 
[13] F. Dai, M.M. Khonsari, Z.Y. Lu, On the lubrication mechanism of grain flows, Tribology transactions 37 (1994) 516–524. 
[14] K.T. McKeague, M.M. Khonsari, An analysis of powder lubricated slider bearings, Journal of Tribology 118 (1996) 206–214. 
[15] H.J. Tsai, Y.R. Jeng, An average lubrication equation for thin film grain flow with surface roughness effects, Journal of Tribology 124 
(2002) 736–742. 
[16] H.J. Tsai, Y.R. Jeng, Characteristics of powder lubricated finite-width journal bearings: a hydrodynamic analysis, Journal of Tribology 128 
(2006) 351–357. 
[17] Z.L. Qiu, A.K. Tieu, The effect of perturbation amplitudes on eight force coefficients of journal bearings, Tribology Transactions 39 (1996) 
469–475. 
[18] J.S. Rao, Rotor dynamics, New Age International (P) Ltd. (1996) 
[19] A.K. Tieu, Z.L. Qiu, Stability of finite journal bearings-from linear and nonlinear bearing forces, Tribology Transactions 38 (1995) 627–35. 
 
